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At Immature Mossy-Fiber–CA3 Synapses, Correlated
Presynaptic and Postsynaptic Activity Persistently Enhances
GABA Release and Network Excitability via BDNF and
cAMP-Dependent PKA
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In the adult rat hippocampus, the axons of granule cells in the dentate gyrus, the mossy fibers (MF), form excitatory glutamatergic
synapses with CA3 principal cells. In neonates, MF release into their targets mainly GABA, which at this developmental stage is depolar-
izing. Here we tested the hypothesis that, at immature MF–CA3 synapses, correlated presynaptic [single fiber-evoked GABAA-mediated
postsynaptic potentials (GPSPs)] and postsynaptic activity (back propagating action potentials) may exert a critical control on synaptic
efficacy. This form of plasticity, called spike-timing-dependent plasticity (STDP), is a Hebbian type form of learning extensively studied
at the level of glutamatergic synapses. Depending on the relative timing, pairing postsynaptic spiking and single MF-GPSPs induced
bidirectional changes in synaptic efficacy. In case of positive pairing, spike-timing-dependent-long-term potentiation (STD-LTP) was
associated with a persistent increase in GPSP slope and in the probability of cell firing. The transduction pathway involved a rise of
calcium in the postsynaptic cell and the combined activity of cAMP-dependent PKA (protein kinase A) and brain-derived neurotrophic
factor (BDNF). Retrograde signaling via BDNF and presynaptic TrkB receptors led to a persistent increase in GABA release. In “presyn-
aptically” silent neurons, the enhanced probability of GABA release induced by the pairing protocol, unsilenced these synapses. Shifting
EGABA from the depolarizing to the hyperpolarizing direction with bumetanide failed to modify synaptic strength. Thus, STD-LTP of
GPSPs provides a reliable way to convey information from granule cells to the CA3 associative network at a time when glutamatergic
synapses are still poorly developed.

Key words: hippocampal mossy fibres; excitatory action of GABA; spike-timing-dependent plasticity; increased synaptic efficacy; BDNF;
cAMP-dependent PKA

Introduction
Spike-timing-dependent plasticity (STDP) is a particular form of
associative Hebbian type of learning, crucial for information cod-
ing. STDP consists in a bidirectional modification of synaptic
strength which relies on the temporal order of presynaptic and
postsynaptic spiking (Dan and Poo, 2006). Thus, positively cor-
related presynaptic and postsynaptic spiking (pre before post)
within a critical window leads to long-term potentiation (LTP),
whereas a negative correlation (post before pre) induces long-
term depression (LTD) (Markram et al., 1997; Bi and Poo, 1998;
Debanne et al., 1998; Feldman, 2000) (for review, see Dan and
Poo, 2006). While at glutamatergic synapses STDP has been ex-
tensively studied (Dan and Poo, 2004, 2006; Caporale and Dan,

2008), at GABAergic connections the information available is
limited (Caporale and Dan, 2008). In the hippocampus of juve-
nile animals, correlated spiking activity has been shown to induce
a downregulation of the K�-Cl� cotransporter KCC2 with con-
sequent increase in [Cl�]i, change in GABA equilibrium poten-
tial (EGABA), and weakening of synaptic inhibition (Woodin et al.,
2003; Fiumelli et al., 2005; Fiumelli and Woodin, 2007). Whether
STDP may occur also at immature GABAergic synapses when the
action of GABA is depolarizing (Cherubini et al., 1991; Ben-Ari,
2002) is still unclear. The depolarizing action of GABA may facil-
itate synaptic plasticity processes via a rise of [Ca 2�]i through
voltage-dependent calcium channels and NMDA receptors
(Cherubini et al., 1991; Ben-Ari et al., 2007). However, these
effects may be overwhelmed by the concomitant GABAA-
mediated shunting inhibition (Staley and Mody, 1992; Lamsa et
al., 2000; Mohajerani and Cherubini, 2005; Banke and McBain,
2006).

We examined this issue at mossy fiber (MF)–CA3 synapses,
which in the immediate postnatal period release mainly GABA
(Safiulina et al., 2006). Pairing single postsynaptic spikes with
unitary MF GABAA-mediated postsynaptic potentials (GPSPs)
consistently upregulated or downregulated synaptic strength ac-
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cording to the temporal order of stimula-
tion. Positive pairing induced persistent
changes in GPSPs slope, which often
reached the threshold for action potential
generation. STD-LTP required a rise of
calcium in the postsynaptic cell via
voltage-dependent calcium channel and
the activation of brain-derived neurotro-
phic factor (BDNF) and cAMP-dependent
protein kinase A. STD-LTP was prevented
when GPSPs shifted from the depolarizing
to the hyperpolarizing direction with bu-
metanide, a selective inhibitor of neuronal
Cl� uptake mediated by the Na�-K�-
2Cl� cotransporter isoform 1 NKCC1
(Sipilä et al., 2006).

These results indicate that in the imme-
diate postnatal period, at mossy fiber syn-
apses, the precise temporal correlation be-
tween GPSPs and postsynaptic spiking
powerfully control synaptic strengthening
or weakening thus contributing to the
functional refinement of developing neu-
ronal circuits.

Materials and Methods
Slice preparation. Experiments were performed
on hippocampal slices from P2–P5 Wistar rats
as described previously (Gasparini et al., 2000).
All experiments were performed in accordance
with the European Community Council Direc-
tive of 24 November 1986 (86/609EEC) and
were approved by local authority veterinary ser-
vice. Briefly, animals were decapitated after be-
ing anesthetized with an intraperitoneal injec-
tion of urethane (2 g/kg). The brain was quickly
removed from the skull and placed in ice-cold
ACSF containing the following (in mM): 130
NaCl, 3.5 KCl, 1.2 NaH2PO4, 27 NaHCO3, 1.3
MgCl2, 2 CaCl2, 25 glucose, saturated with 95%
O2 and 5% CO2 (pH 7.3–7.4). Transverse hip-
pocampal slices (400 �m thick) were cut with a
vibratome and stored at room temperature
(20�24°C) in a holding bath containing the
same solution as above. After a recovery period
of at least 1 h, an individual slice was transferred
to the recording chamber where it was contin-
uously superfused with oxygenated ACSF at a
rate of 2–3 ml/min at 33�35°C.

Electrophysiological recordings. Electrophysiological experiments
were performed from CA3 pyramidal cells using the whole-cell con-
figuration of the patch-clamp technique in current or voltage-clamp
mode. Neurons were visualized using an upright microscope (Olym-
pus BX51WI) equipped with differential interference contrast (DIC)
optics and infrared video camera. Patch electrodes were pulled from
borosilicate glass capillaries (Hingelberg). They had a resistance of
4 – 6 M� when filled with an intracellular solution containing the
following (in mM): 140 KCl, 1 MgCl2, 10 HEPES, 4 MgATP, 0.5 EGTA,
pH 7.3. In some experiments, recordings were performed with patch
pipettes containing the calcium chelator 1,2-bis (2-aminophenoxy)
ethane- N, N,N�,N�-tetraacetic acid (BAPTA 20 mM, Sigma). In these
cases, to maintain the same osmolarity (�290 mOsm), the intrapi-
pette concentration of KCl was reduced to 120 mM. Recordings were
made with a patch-clamp amplifier (Axopatch 200A; Axon Instru-
ments). Series resistance was assessed repetitively every 5 min and in
current-clamp recordings compensated at 75% throughout the ex-

periment. Cells exhibiting �15–20% changes in series resistance were
excluded from the analysis.

GABAA-mediated synaptic potentials or currents (GPSPs or GPSCs)
were evoked at 0.05 Hz from a holding potential of –70 mV in the pres-
ence of DNQX (20 �M) and D-AP5 (50 �M) to block AMPA- and NMDA-
mediated synaptic responses, respectively. We used minimal stimulation
of the granule cells in the dentate gyrus to activate only one or few
presynaptic fibers. According to the technique described by Jonas et al.
(1993) and Allen and Stevens (1994), the stimulation intensity was de-
creased until only a single axon was activated. This was achieved when the
mean amplitude of the postsynaptic currents and failure probability re-
mained constant over a range of stimulus intensities near threshold for
detecting a response (Safiulina et al., 2006). An abrupt increase in the
mean peak amplitude of synaptic currents was observed when the stim-
ulus intensity was further increased. This all or none behavior let us to
assume that only a single fiber was stimulated. In addition, the latency
and the shape of individual synaptic responses remained constant for
repeated stimuli. The monosynaptic nature of synaptic currents was sup-
ported by the unimodal and narrow latencies and rise time distributions

Figure 1. GABA released from MF terminals depolarizes principal cells. A, Synaptic responses (successes plus failures) evoked
at three different holding potentials (to the left of the traces) by stimulation of granule cells in the dentate gyrus in control (E) and
in the presence of bumetanide (●, 10 �M). B, Plot of GPSP amplitudes as a function of membrane potentials in control (E, n �
10) and in the presence of bumetanide (●, n � 9). Note that in bumetanide, EGPSP shifted toward more negative values (�71.5
mV vs �47.6 mV). C, GPSPs obtained in control and in the presence of bumetanide were sensitive to L-AP4 (10 �M) and to
picrotoxin (100 �M). In bumetanide, GPSPs were recorded at �30 mV to increase the driving force for Cl �. D, E, Each symbol
represents EGPSPs (D) and VR (E) of individual cells obtained in control (E) and in the presence of bumetanide (●). The average
values are shown on the left of each group. *p � 0.05; **p � 0.01; ***p � 0.001.
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which remained constant when the extracellular Ca 2�/Mg 2� concentra-
tion ratio was reduced from 2:1.3 to 1:3 (Safiulina et al. 2006).

When the probability of synaptic failures in response to a first stimulus
was near 1 (failures were estimated by visual discrimination), we applied
a second pulse at 50 ms interval. If a response to a second stimulus
appeared in 15–30 consecutive trials (silent to the first stimulus), we
considered this synapse presynaptically silent.

MF inputs were identified on the basis of their sensitivity to group III
mGluR agonist 2-amino-4-phosphonobutyric acid (L-AP4 10 �M)
(Gutiérrez et al., 2003; Kasyanov et al., 2004; Safiulina et al., 2006), their

strong paired pulse facilitation and short term
frequency-dependent facilitation (Safiulina et
al., 2006). They were blocked by bicuculline or
picrotoxin, confirming their GABAergic na-
ture. In contrast to MF inputs, GABAergic in-
puts from interneurons were insensitive to
L-AP4 (Walker et al., 2001; Safiulina et al.,
2006).

Experiments were also performed using the
gramicidin-perforated patch (Kyrozis and
Reichling, 1995) to preserve the anionic condi-
tions of the recorded cells. In this case, the pi-
pette solution contained the same intracellular
solution plus 80 �g/ml gramicidin D (Sigma). A
20 mg/ml stock of gramicidin in dimethylsul-
phoxide (DMSO) was prepared freshly (�2 h
before recording) and sonicated. This was di-
luted with gramicidin-free solution, sonicated
again for 20 –30 s, and centrifuged. Patch pi-
pettes were back filled with a gramicidin con-
taining solution and then the tip of the pipette
was dipped into and filled with a gramicidin–
free solution by applying a negative pressure for
20 –30 s to facilitate cell-attached formation
(seal resistance �3 G�). After �40 min, series
resistance decreased and stabilized around 30
M�. The perforated patch condition was con-
stantly monitored and in the case of membrane
rupture recording was discontinued. In fact,
due to the high intracellular [Cl �], the break of
the membrane was associated with a clear
change in membrane capacitance and a shift of
EGPSPs near 0 mV (Tyzio et al. 2007).

Usually, synaptic currents were recorded in
voltage-clamp mode for 5–10 min. Then,
changes in synaptic efficacy, induced by pairing
(in current-clamp conditions) presynaptic ac-
tivity with postsynaptic spiking (10 spikes
evoked at 0.1 Hz) at various time intervals, were
recorded for additional 15– 60 min. Some ex-
periments were performed in current-clamp
mode to correlate pairing-induced changes in
GPSPs slope with the probability of cell firing.

Drugs used were as follows: D-(-)-2-amino-
5-phosphonopentaoic acid (D-AP5), 6,7-
dinitroquinoxaline-2,3-dione (DNQX), L-AP4,
PTX, bumetanide, Rp-cAMPS (all from Tocris
Bioscience); nifedipine, forskolin, BDNF (all
from Sigma); K252a, protein kinase A inhibitor
6 –22 amide (PKI 6 –22), protein kinase A in-
hibitor 14 –22 amide, cell-permeable (PKI 14 –
22) (all from Calbiochem). All drugs were dis-
solved in either distilled water or ethanol, as
required, except DNQX, forskolin, and bumet-
anide, which were dissolved in DMSO. The fi-
nal concentration of DMSO in the bathing so-
lution was 0.1%. At this concentration, DMSO
alone did not modify the shape or the kinetics of
synaptic currents. Drugs were applied in the
bath via a three-way tap system, by changing the

superfusion solution to one differing only in its content of drug(s). The
ratio of flow rate to bath volume ensured complete exchange within 1–2
min.

Data acquisition and analysis. Data were acquired and digitized with an
A/D converter (Digidata 1200, Molecular Devices) and stored on a com-
puter hard disk. Acquisition and analysis of evoked responses were per-
formed with Clampfit 9 (Molecular Devices). Data were sampled at 20
kHz and filtered with a cutoff frequency of 1 kHz. Mean GPSCs ampli-
tude was obtained by averaging successes and failures. The paired pulse

Figure 2. Spike-timing dependent LTP induced by pairing MF GPSPs with postsynaptic spiking. A, Schematic representation of
the experimental design. B, Spike-timing protocol. GPSP preceded the postsynaptic spike by 15 ms (	t). C, D, Peak amplitude of
MF GPSCs in presynaptically silent (C) and low probability neurons (D) evoked before and after pairing (arrows at time 0) as a
function of time. Insets above the graphs represent individual (top traces) and averaged GPSCs (bottom traces) evoked before and
after pairing. E, Summary plot of mean GPSCs amplitude recorded before and after pairing versus time (n � 12). F–I, Amplitude
(F ), successes (G), paired-pulse ratio (H ), and inverse squared of CV (I ) measured in individual cells before (E) and 40 min after
pairing (●). Bigger symbols represent averaged values. ***p � 0.001.
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ratio (PPR) was calculated as the mean ampli-
tude of the synaptic response evoked by the sec-
ond stimulus over that evoked by the first one.
The coefficient of variation was calculated as
the ratio between the SD of synaptic currents
amplitude and the mean. Unless otherwise
stated, data are presented as mean 
 SEM.
Quantitative comparisons were based on stu-
dents paired or unpaired t test, as required and
p values �0.05 were considered as significant.

Results
MF inputs to principal cells were identified
on the basis of their strong paired pulse facil-
itation, their sensitivity to group III mGluR
agonist L-AP4 and their short term
frequency-dependent facilitation (Kasyanov
et al., 2004; Safiulina et al., 2006). MF inputs
were mainly GABAergic since they were
readily and reversibly blocked by bicuculline
methiodide (20 �M) or picrotoxin (100 �M)
(Walker et al., 2001; Safiulina et al., 2006). In
the present experiments, GPSPs or GPSCs
elicited by minimal stimulation of granule
cells in the dentate gyrus were routinely re-
corded at�60 mV from CA3 pyramidal cells
(at P2–P5) in the presence of DNQX (20
�M) and D-AP5 (50 �M) to block AMPA and
NMDA receptors, respectively. These syn-
apses were characterized by the low proba-
bility of GABA release. In several cases (n �
22), stimulation of granule cells in the den-
tate gyrus failed to produce any synaptic re-
sponse over 15–30 consecutive trials. How-
ever, occasional responses to a second
stimulus could occur, suggesting that these
synapses were presynaptically silent (Gaspa-
rini et al., 2000; Kasyanov et al., 2004) (see
Fig. 2C).

GABA released from MF terminals
depolarizes principal cells
A first set of experiments, using
gramicidin-perforated patch to preserve
the intracellular chloride concentration
(Kyrozis and Reichling, 1995) was aimed
at evaluating whether GABA released from
MF terminals exerts on principal cells a de-
polarizing or a hyperpolarizing action. The representative exam-
ple of Figure 1A (Control) shows averaged responses (successes
plus failures) evoked by granule cell stimulation at three different
holding potentials. The reversal of GPSPs (EGPSP) was �50 mV.
Since the resting membrane potential (VR) of this cell was �60
mV, the driving force for GABA, defined as EGPSP�VR, was 10
mV. This indicates that GABA was depolarizing (Sipilä et al.,
2006; Tyzio et al., 2007). Overall, in 10 cells, EGPSP was �47.6 

3.3 mV (Fig. 1B,D, open circles) while VR was �56 
 2.2 mV
(Fig. 1E, open circles). EGPSP value was very close to the threshold
for action potential generation (�49.3 
 2.4 mV; n � 21).

In accord with their MF origin (Gutiérrez et al., 2003, 2005;
Kasyanov et al., 2004; Safiulina et al., 2006), bath application of
L-AP4 (10 �M) significantly reduced the amplitude of GPSPs
(34.7 
 8.2% of control; n � 8; p � 0.01), which were completely
blocked by picrotoxin (100 �M) (Fig. 1C). The reduction of GP-

SCs amplitude induced by L-AP4 was very similar to that found in
a previous study for MF-evoked synaptic currents (66 
 8%;
Safiulina et al., 2006).

To see whether accumulation of chloride inside the cell via the
cation-chloride cotransporter NKCC1 was responsible for the
depolarizing action of GABA, slices were incubated for 30 –50
min with bumetanide (10 �M), a selective inhibitor of NKCC1
(Dzhala et al., 2005; Sipilä et al., 2006). In all cells tested (n � 9),
bumetanide caused a slight membrane hyperpolarization (on av-
erage, VR was �63.6 
 2.3 mV; p � 0.05 vs controls) (Fig. 1E,
closed circles) and a shift of EGPSP toward more negative values
(�71.5 
 3.09 mV; p � 0.001 respect to controls) (Fig. 1A,B,D,
closed circles), indicating that GABA was hyperpolarizing. Also
in this case, bath application of L-AP4 induced a significant re-
duction in amplitude of GPSPs (34.9 
 8.6% of control) thus
confirming their MF origin (n � 5; p � 0.01) (Fig. 1C).

Figure 3. Pairing-induced increase in GPSPs slope was associated with enhanced firing probability. A, Representative traces
from one neuron showing the rising phases of GPSPs (evoked at 0.1 Hz) during pairing. Note the progressive increase of GPSPs
slope which occasionally gave rise to action potentials (with �15 ms delay). B, The GPSPs slope obtained before and after pairing
(arrows at time 0) is plotted as a function of time (n � 7). C, Superimposed traces from a single neuron before and after pairing.
D, Each symbol represents the mean value of GPSPs slope obtained from individual cells before (E) and 15 min after pairing (●).
Larger symbols represent averaged values (n � 7). E, Representative examples of GPSPs (average of 15 traces) evoked in the
presence bumetanide before and after pairing. F, Each symbol represents the mean value of GPSPs slope obtained from individual
cells before (E) and 15 min after pairing (●) in the presence of bumetanide. Bigger symbols represent averaged values (n � 7).
**p � 0.01.

2640 • J. Neurosci., February 25, 2009 • 29(8):2637–2647 Sivakumaran et al. • STDP at Immature GABAergic MF–CA3 Synapses



These data demonstrate that at MF–CA3 synapses, due to the
accumulation of Cl� inside the cell by NKCC1, GABA exerts a
depolarizing action.

Bidirectional modifications of synaptic strength associated
with STDP
In the next series of experiments, we used a pairing procedure to
verify whether STDP could modify synaptic efficacy. STDP was in-

duced in current-clamp mode by pairing 10
postsynaptic spikes (at 0.1 Hz) with afferent
stimulation, varying the relative timing of
presynaptic and postsynaptic activity (Fig.
2A,B). Postsynaptic firing without presyn-
aptic activation caused no changes in synap-
tic efficacy (the amplitude of GPSCs was
�28.6 
 3.2 pA and �29.3 
 2.8 pA, before
and after postsynaptic firing, respectively,
n � 6). In addition, no changes in synaptic
efficacy were detected changing stimulation
frequency from 0.05 to 0.1 Hz in the absence
of postsynaptic spikes (n � 4; data not
shown). Coincident presynaptic and
postsynaptic activity (0 ms delay) did not
modify synaptic strength. However, a delay
of 15 ms (pre before post) (Fig. 2B) caused a
strong potentiation of GPSCs. Examples of
presynaptically silent or low probability syn-
apses are shown in Figure 2, C and D, respec-
tively. In both cases, correlated activity (ar-
rows) induced an increase in GPSCs
amplitude and successes rate which persisted
without decrement for periods of time vari-
able from 40 to 60 min indicating that
changes in synaptic efficacy were persistent
as in LTP. The time course of pairing-
induced modifications of synaptic strength
observed in 12 cells (including one presyn-
aptically silent) recorded for at least 40 min
after pairing is illustrated in Figure 2E. On
average, the peak amplitude of GPSCs (suc-
cesses plus failures) was 21.5 
 4.1 pA and
51.9 
 13.1 pA, before and 15 min after pair-
ing ( p � 0.001) (Fig. 2F), respectively, while
the success rate changed from 0.31 
 0.04 to
0.62 
 0.07 ( p � 0.001) (Fig. 2G). These
effects were associated with a significant re-
duction of the PPR (from 1.66 
 0.22 to
0.64 
 0.09; p � 0.001) (Fig. 2H) and a sig-
nificant increase in the inverse squared value
of the coefficient of variation (CV�2) of re-
sponses amplitude (from 0.91 
 0.14 to
2.43 
 0.73; p � 0.001; n � 19, Fig. 2I). The
PPR was measured only in nonsilent cells.
After pairing the potency of synaptic re-
sponses (mean amplitude of successes with-
out failures) increased significantly (from
53.9 
 12.1 pA to 90.1 
 13.9 pA; p � 0.01).

Positive pairing (with 15 ms delay) was
also performed in current-clamp condi-
tions (using gramicidin-perforated patch)
to measure changes in GPSPs slope and in
the probability of firing. As shown in Fig-
ure 3, B and D, pairing always (7/7) in-

duced a stable potentiation of GPSP slope (from 0.25 
 0.05 to
0.67 
 0.12; n � 7; p � 0.01) which sometimes initiated during
the pairing protocol (Fig. 3A; note that in this case changes in
GPSPs slope triggered action potentials). Due to the larger size of
synaptic events, after pairing it was easier to reach the threshold
for action potential generation (after pairing, the probability of
cell firing persistently increased from 0.04 to 0.5) (Fig. 3C).

STD-LTP did not depend on changes in the equilibrium po-

Figure 4. Spike-timing dependent LTD induced by pairing MF GPSPs with postsynaptic spiking. A, The inset represents the
spike-timing protocol. The postsynaptic spike (post) preceded the GPSP (pre) by 15 ms. Below, Individual (top) and averaged
(bottom) traces of GPSCs evoked before (Control) and after pairing. B, In the top graph, the peak amplitudes of GPSCs (shown in
A) obtained before and after pairing (arrows at time 0) are plotted against time. In the bottom graph, summary plot of GPSCs
amplitude versus time (n � 8). C–F, Amplitude (C), successes (D), paired-pulse ratio (E) and inverse squared of CV (F ) measured
in individual cells before (E) and after pairing (●). Bigger circles represent average values. (n � 8 for each group except for PPR
in which n � 5). *p � 0.05; **p � 0.01.
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tential for GABA since similar EGPSP values were found before
and after pairing (�48.3 
 2.5 mV and �43.8 
 4.1 mV, respec-
tively; n � 7) (supplemental Fig. S1, available at www.jneurosci.
org as supplemental material). These data indicate that correlat-
ing presynaptic and postsynaptic activity strongly enhances the
amplitude of GABA-mediated synaptic events leading to excita-
tion of principal cells. In cells treated with bumetanide (10 �M),
the pairing protocol did not modify the slope of hyperpolarizing
GPSPs (Fig. 3E,F) (n � 7).

STD-LTP probably did not depend on general changes in in-
trinsic membrane properties of principal cells or changes in pre-
synaptic cell excitability, because the pairing procedure did mod-
ify neither the threshold for action potential generation (�49.3 

1.5 mV and �47.9 
 2.1 mV before and after pairing, respec-
tively; n � 7) nor the firing frequency in response to depolarizing
current pulses (supplemental Fig. S2, available at www.jneurosci.
org as supplemental material).

Negative pairing (post before pre) (Fig. 4A) with a 15 ms delay
was assessed in synapses with relatively high probability of re-
lease. This procedure induced a consistent depression of MF-
mediated GPSCs. After pairing, the mean peak amplitude of GP-
SCs (successes plus failures) shifted from 105.3 
 40.0 pA to
66.9 
 27.4 pA (n � 8; p � 0.05) (Fig. 4A,B). This was mainly
caused by a decrease in the number of successes (from 0.61 
 0.06
to 0.38 
 0.08, before and after pairing, respectively; n � 8; p �
0.01) (Fig. 4B,D). The potency of the responses (mean amplitude
of successes without failures) was almost unchanged (174 
 49.7
pA and 150.5 
 36.9 pA before and after pairing, respectively; p �
0.1; data not shown). As expected for a reduction in the proba-
bility of GABA release, the increased number of failures was as-
sociated with a significant increase in PPR (from 1.04 
 0.16 to
1.52 
 0.20; n � 5; p � 0.01) (Fig. 4E) and a significant decrease
of CV�2 (from 1.63 
 0.35 to 1.0 
 0.2; n � 8; p � 0.01) (Fig.
4F).

The time window for bidirectional activity-dependent
changes in synaptic efficacy is summarized in Figure 5. When the
action potential was coincident with the GPSP, no changes in
synaptic strength were detected. However, when the postsynaptic
spike followed the GPSP onset with 15 ms delay (which corre-

sponds to the peak of the synaptic event), the magnitude of syn-
aptic potentiation reached its maximum. GPSP potentiation de-
clined toward control level with delays of �50 ms. On the
contrary, when the postsynaptic spike preceded the GPSP we
observed a depression of the synaptic responses that regained the
control level with delays of �50 ms. Overall, these data indicate
that activity-dependent changes in synaptic efficacy strongly rely
on the temporal relationship between presynaptic and postsyn-
aptic activation being the critical window for STDP similar to that
described for most glutamatergic and GABAergic synapses (Dan
and Poo, 2006).

Pairing-induced synaptic potentiation requires a rise of
calcium in the postsynaptic cell via voltage-dependent
calcium channels
A common trigger for LTP is a postsynaptic rise in intracellular
calcium concentration (Malenka and Nicoll, 1999). To test
whether a rise of postsynaptic calcium during STDP is responsi-
ble for the increase in synaptic efficacy, cells were loaded with the
calcium chelator BAPTA (20 mM). In these cases, the pairing
procedure failed to cause any persistent increase of synaptic
strength. Instead, a persistent depression of synaptic currents was
observed (Fig. 6A,B) (Kasyanov et al. 2004). In the presence of
BAPTA, the mean amplitude of GPSCs measured before and after
pairing was �36.9 
 5.3 pA and �22.1 
 2.6 pA, respectively
(n � 6; p � 0.01). These experiments suggest that at MF–CA3
synapses, pairing-induced LTP depends on calcium rise in the
postsynaptic cell. This may occur via voltage-dependent calcium
channels or via NMDA receptors (Leinekugel et al., 1997; Gara-
schuk et al., 1998; Kasyanov et al., 2004). NMDA receptors were
not involved, because as already reported, all experiments were
routinely performed in the presence of D-AP5 (50 �M) (Fig.
6A,B). However, pairing-induced synaptic potentiation was pre-
vented by nifedipine (10 �M), indicating the involvement of
voltage-dependent L-type of calcium channels. The mean ampli-
tude of GPSCs, measured before and after pairing was �46.3 

9.2 pA and �22.2 
 6.8 pA, respectively; n � 5; p � 0.1 (Fig.
6A,B). These results indicate that, early in postnatal life, calcium
rise through VDCC triggers STD-LTP. In the following experi-
ments, we focused only on the signaling pathways involved in
STD-LTP.

Pairing-induced synaptic potentiation requires the activation
of TrkB receptors by BDNF
The present data clearly show that the induction of STD-LTP is
postsynaptic while its expression is presynaptic as suggested by
the decrease in PPR and by the increase in CV�2 of MF-mediated
synaptic responses. Therefore, the postsynaptic cell shall provide
a transcellular retrograde signal to the presynaptic neuron. One
attractive candidate is BDNF, which can be released in a calcium-
dependent way by depolarization of the postsynaptic cell (Good-
man et al., 1996; Lessmann et al., 2003; Magby et al., 2006; Kuc-
zewski et al., 2008b). Previous studies from the immature
hippocampus have shown that BDNF is the retrograde messenger
required for increasing the probability of GABA and glutamate
release at GABAergic and glutamatergic synapses, respectively
(Gubellini et al., 2005; Mohajerani et al., 2007). Therefore, we
tested whether BDNF was able to mimic the effects of STD-LTP
on MF-evoked GPSCs. As illustrated in Figure 7A, in the absence
of BDNF, no changes in synaptic efficacy were detected (n � 5).
Bath application of BDNF (40 ng/ml for 5 min), however, pro-
duced a significant increase in amplitude of GPSCs (from 20.3 

4.2 pA to 44.7 
 7.5 pA; p � 0.01; n � 7) which persisted for at

Figure 5. Temporal window for spike-timing dependent enhancement and reduction in the
efficacy of MF GPSCs. Plot of GPSC amplitude (as percentage of controls) from individual cells
(E) as a function of 	t. Closed symbols represent the averaged values for each 	t. No changes
in amplitude were detected when the postsynaptic action potential was coincident with pre-
synaptic GPSPs (	t � 0 ms). Note that the magnitude of synaptic potentiation reached the
maximum at 	t � 15 ms which corresponds to the peak of GPSP.
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least 10 –15 min after BDNF was washed out (Fig. 7B,C). This
effect was associated with a significant increase in the number of
successes (from 0.24 
 0.05 to 0.59 
 0.07; p � 0.01) (Fig. 7D)
and a significant decrease in PPR (from 2.63 
 0.4 to 0.52 
 0.22;
p � 0.01) (Fig. 7E). The effects of BDNF were prevented by bath
application of K252a (150 nM), a specific inhibitor of protein
tyrosine kinase coupled to TrkB receptors (n � 5) (supplemental
Fig. S3, available at www.jneurosci.org as supplemental material)
(Knüsel and Hefti, 1992), indicating that this neurotrophin was
acting on TrkB receptors. The involvement of endogenous BDNF
in pairing-induced synaptic potentiation was assessed using
K252a. Bath application of K252a (150 nM) fully prevented STD-
LTP. Surprisingly, in the presence of K252a, a persistent depres-
sion of synaptic currents was observed (mean GPSCs amplitude
was 45.2 
 6.7 pA and 32.1 
 4.4 pA, before and after pairing,
respectively; n � 7; p � 0.05) (Fig. 7F–H). This effect was asso-
ciated with a reduced number of successes and an increase in PPR
(0.75 
 0.18 and 0.99 
 0.21, before and after pairing, respec-
tively, p � 0.01) (Fig. 7 I, J) suggesting a presynaptic site of action.
The mechanisms underlying K252a-induced synaptic depression
are still unclear and further experiments need to elucidate this
issue. In the absence of pairing, K252a alone did not modify the
amplitude or kinetics of GPSCs (amplitude: 38.2 
 4.6 pA and
37.9 
 5.8 pA, in control and in the presence of K252a, respec-
tively; n � 5).

Altogether, these data show that at immature MF–CA3 syn-
apse endogenous BDNF is crucial for STD-LTP induction

Pairing-induced synaptic potentiation requires the activation
of cAMP-dependent PKA
In the neonatal rodent hippocampus, LTP requires the activation
of cAMP-dependent protein kinase A (PKA) (Yasuda et al.,
2003). Therefore, in the following experiments we tested whether
at MF–CA3 synapses STD-LTP requires the activation of cAMP-
dependent PKA. First, we tested the effects of forskolin, an acti-
vator of adenylyl cyclase. Bath application of forskolin (50 �M for
5 min) mimicked the effects of BDNF and induced a significant
increase in amplitude of GPSCs (from 45.4 
 11.1 pA in control
to 72.6 
 12.9 pA, 10 min after forskolin; p � 0.01; n � 6) (Fig.

8A,B) which persisted for at least 15 min
after forskolin was washed out. This effect
was associated with a significant increase
in the number of successes (from 0.37 

0.08 to 0.63 
 0.10; p � 0.01) (Fig. 8C), in
the CV�2 (from 0.69 
 0.18 to 2.79 

1.04; p � 0.05) (Fig. 8E) and a decrease in
PPR (from 1.12 
 0.29 to 0.38 
 0.13; p �
0.05) (Fig. 8D).

In subsequent experiments, the in-
volvement of endogenous cAMP-
dependent PKA in STD-LTP was assessed
using the selective cell permeant inhibitor
Rp-cAMPS. As illustrated in Figure 9, in
the presence of Rp-cAMPS (20 �M), posi-
tive pairing failed to potentiate MF-
mediated synaptic currents suggesting that
changes in synaptic efficacy requires the
activation of both BDNF and cAMP-
dependent PKA (peak amplitudes were
20.1 
 5.4 pA and 17.1 
 4.3 pA, successes
rate 0.34 
 0.1 and 0.31 
 0.1, the PPR
1.09 
 0.2 and 1.03 
 0.2 and CV�2

0.51 
 0.08 and 0.6 
 0.06, before and
after pairing, respectively).

Since cAMP has been shown to regulate the recruitment of
TrkB receptors to the plasma membrane (Meyer-Franke et al.,
1998) and to gate the effects of BDNF on hippocampal neurons
(Ji et al., 2005), we tested whether inhibitors of cAMP or PKA
were able to prevent the potentiating effects of BDNF on GPSCs.
In two separate set of experiments, bath application of Rp-
cAMPS (20 �M; n � 8) or PKI 14 –22 (1 �M; n � 6), a cell-
permeable inhibitor of PKA, fully prevented the effects of BDNF
on GPSCs (supplemental Fig. S4, available at www.jneurosci.org
as supplemental material). Finally, to identify the presynaptic or
postsynaptic site of PKA action, positive pairing was performed
in cells loaded with the membrane impermeable form of PKI
(PKI 6 –22, 1 �M; n � 7). In these conditions, correlated presyn-
aptic and postsynaptic activity failed to produce any persistent
change in synaptic strength (Fig. 10A,B). In the presence of PKI
6 –22, peak amplitudes of GPSCs were 26.0 
 3.6 pA and 24.9 

7.3 pA, successes rate 0.34 
 0.06 and 0.33 
 0.07, PPR 1.47 

0.12 and 1.33 
 0.28 and CV�2 0.76 
 0.11 and 0.75 
 0.17,
before and after pairing, respectively.

This indicates that PKA activity in the postsynaptic neuron
plays a crucial role in STDP.

Discussion
It is known that, in particular conditions, MF can release, in
addition to glutamate, GABA (Walker et al., 2001; Gutiérrez et al.,
2003, 2005), and a recent study from our laboratory has demon-
strated that, early in development, the main neurotransmitter
released from MF is GABA (Safiulina et al., 2006). During post-
natal development, granule cells transiently express both mRNA
coding for GAD 67 and GAD 67 protein (Dupuy and Houser,
1997; Frahm and Draguhn, 2001). This GABAergic phenotype
has been attributed either to principal cells synthesizing GABA,
which would be downregulated in adulthood (Frahm and Dra-
guhn, 2001) or to GAD-positive interneurons which would tran-
siently migrate to the upper and middle portions of the granule
cell layer (Dupuy and Houser, 1997; Uchigashima et al., 2007).
Whatever their origin, MF-mediated GPSCs exhibited all charac-
teristics of MF responses such as strong paired pulse facilitation,

Figure 6. Pairing-induced potentiation requires a postsynaptic rise of intracellular calcium via voltage-dependent calcium
channels. A, Averaged traces of GPSC evoked before and 15 min after pairing in neurons loaded with intracellular BAPTA (20 mM)
or exposed to extracellular solutions containing nifedipine (10 �M) or D-AP5 (50 �M). B, Pairing-induced changes in the mean
amplitude and mean number of successes expressed as percentage of controls from all cells tested (BAPTA, n � 6), nifedipine
(n � 5) and D-AP5 (n � 5). **p � 0.01.
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short term frequency-dependent facilita-
tion and sensitivity to the group III mGluR
agonist L-AP4 (Salin et al., 1996; Safiulina
et al., 2006). In addition, hyperpolarizing
GPSPs evoked by dentate gyrus stimula-
tion in the presence of bumetanide were
also sensitive to L-AP4 further indicating
their MF origin (monosynaptic responses
obtained in principal cells by stimulating
GABAergic interneurons were unaffected
by L-AP4) (Walker et al., 2001; Doherty et
al., 2004; Kasyanov et al., 2004; Gutiérrez,
2005; Safiulina et al., 2006).

GABA released from MF exerted a de-
polarizing action on CA3 pyramidal neu-
rons as assessed by measuring the driving
force for GABA (EGPSP-VR)which was pos-
itive to VR. GABA not only exerted a depo-
larizing action but after positive pairing
triggered action potential firing. This ef-
fect was not due to changes in intrinsic
membrane properties of tagged cells or
modifications in EGPSP, since similar firing
properties and EGPSP values were observed
before and after pairing. Unlike the
present experiments, in cultured hip-
pocampal neurons bearing depolarizing
responses to GABA, repetitive postsynap-
tic spiking within 
 5 ms of GABAA-
mediated synaptic transmission was able
to downregulate the expression of the
cation-chloride cotransporter NKCC1
leading to a reduction in [Cl�]i and a shift
of ECl below VR (Balena and Woodin,
2008). It should be stressed, however, that
while in our experiments the STDP proto-
col consisted in 10 pairs of single postsyn-
aptic spikes with unitary GPSPs, cultured
neurons were stimulated with 150 pairs of
presynaptic and postsynaptic spikes at 5
Hz. In addition, in our case the temporal
correlation between weak inputs (single
MF-mediated synaptic events) and strong
inputs (back propagating action potential)
dictated the direction of synaptic changes
toward potentiation or depression. The
temporal window responsible for LTP and
LTD was very similar to that reported in
previous studies for glutamatergic syn-
apses (Magee and Johnston, 1997;
Markram et al., 1997; Bi and Poo, 1998;
Debanne et al. 1998; Zhang et al., 1998),
suggesting the similar learning rules regu-
late STDP at GABAergic connections.

As in other forms of developmental
plasticity (Gaiarsa et al., 2002; Kasyanov et
al., 2004; Mohajerani et al., 2007), calcium
entering into the cell through VDCCs was
responsible for positive changes in synaptic efficacy as demon-
strated by the lack of STD-LTP when BAPTA was present in the
recording pipette or when nifedipine was added to the extracel-
lular solution. In accord to the calcium hypothesis, the direction
of synaptic changes would be determined by distinct calcium

signals which would activate different molecular pathways (Ca-
porale and Dan, 2008). However, in the present case, positive
pairing in the presence of BAPTA not only prevented LTP but
induced LTD, suggesting that synaptic depression is tightly reg-
ulated by the amount of calcium entering into the postsynaptic

Figure 7. Pairing-induced synaptic potentiation requires the activation of TrkB receptors by BDNF. A, Summary plot showing
the mean amplitude of GPSCs versus time in the absence of BDNF (Control; n � 5). Insets above the graph refer to GPSCs
(individual traces above and averaged traces below) recorded during the first (left) and the last (right) 5 min. B, Summary plot
showing the mean amplitude of GPSC (n � 7) evoked before, during and after bath application of BDNF (bar). The horizontal
dashed line represents the mean amplitude of GPSCs recorded in control before BDNF application. Insets above the graph repre-
sent superimposed individual (top) and averaged (bottom) traces of GPSCs evoked before (Control) and 15 min after the applica-
tion of BDNF (40 ng/ml). C–E, Amplitude (C), successes (D) and paired-pulse ratio (E) measured in individual cells before (E) and
15 min after BDNF (●). Larger symbols represent averaged values. F–J, As in Figure 2 but in the presence of K252a (n � 7). *p �
0.05; **p � 0.01.
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cell. While the induction of STD-LTP was clearly postsynaptic, its
expression was presynaptic, as indicated by the pairing-induced
decrease in failures rate, in paired-pulse facilitation, and increase
in CV�2, all traditional indices of changes in presynaptic release

probability (Zucker, 1989). Changes in
failure rate and CV�2 could result from
the insertion of new receptors on the sub-
synaptic membrane in silent synapses
(Kullmann, 2003). Moreover, pairing-
induced appearance of GPSCs in appar-
ently “presynaptically silent” neurons is
consistent with an increase in release prob-
ability (Gasparini et al., 2000). Similar to
our findings, even in mature GABAergic
synapses, activity-dependent modifica-
tions required a postsynaptic calcium rise
through VDCCs (Woodin et al., 2003;
Haas et al., 2006). However, in these cases,
a presynaptic expression mechanism was
excluded because no changes in paired
pulse ratio were detected.

The postsynaptic induction of STD-
LTP and its presynaptic expression implies
the existence of cross talk between the post
and presynaptic neuron and the involve-
ment of a transcellular retrograde signal.
One attractive candidate is BDNF, which
plays a crucial role in synaptic plasticity
(Poo, 2001), in GABAA-mediated LTP
(Gubellini et al., 2005), and is known to be
a potent regulator of spontaneous corre-
lated network activity at early develop-
mental stages (Aguado et al., 2003; Car-
mona et al., 2006). Although several lines
of evidence indicate that BDNF can be re-
leased in a calcium-dependent way by de-
polarization of the postsynaptic cell
(Goodman et al., 1996; Lessmann et al.,
2003; Magby et al., 2006; Kuczewski et al.,

2008a,b), the present data do not allow identifying the presynap-
tic or postsynaptic site of BDNF release. However, the recent
observation of a calcium-dependent dendritic release of BDNF
following spontaneous or evoked back propagating action poten-
tials in hippocampal neurons in culture, strongly support a
postsynaptic locus (Kuczewski et al., 2008b). Interestingly, as in
the present experiments, only a few spikes (eight at 4 Hz) were
sufficient to trigger BDNF secretion (Kuczewski et al., 2008b).
Once released, BDNF would interact with high affinity TrkB re-
ceptors localized on both presynaptic and postsynaptic mem-
branes. Activation of presynaptic TrkB receptors would lead to an
increase in transmitter release (Li et al., 1998) (for review, see
Poo, 2001; Du and Poo, 2004). In the present experiments, the
involvement of BDNF in STD-LTP was demonstrated by the ca-
pability of this neurotrophin to mimic the effects of pairing on
amplitude, successes rate and PPR of GPSCs and by the observa-
tion that SDT-LTP was prevented by K252a, a tyrosine kinase
inhibitor. It is worth noting that in the presence of K252a the
pairing procedure led to synaptic depression. Although this effect
was clearly presynaptic, as indicated by the increase in PPR, the
underlying mechanism is unclear. A tonic activation of TrkB re-
ceptor by endogenous BDNF can be excluded since K252a alone
did not affect synaptic transmission.

At excitatory synapses, the long-term effects of BDNF on
activity-dependent synaptic plasticity, has been found to be reg-
ulated by cAMP-dependent PKA. This molecule would exert a
permissive role by enhancing the sensitivity to BDNF (Boulanger
and Poo, 1999), by increasing TrkB phosphorylation (Ji et al.,

Figure 8. Forskolin mimics the effects of BDNF. A, Summary plot showing the mean amplitude of GPSC (n � 6) evoked before,
during and after bath application of forskolin (50 �M, bar). Insets above the graph show averaged traces (15 GPSCs from a
representative neuron) evoked before and during bath application of forskolin. B–E, Amplitude (B), successes (C), paired-pulse
ratio (D) and inverse squared of CV (E) measured before (E) and during bath application of forskolin (●). Larger symbols
represent averaged values. *p � 0.05; **p � 0.01.

Figure 9. Pairing-induced synaptic potentiation requires the activation of cAMP-dependent
PKA. Summary plot showing the mean amplitude of GPSC (n � 5; average of 12 traces) evoked
in the presence of Rp-cAMPS before and after pairing (arrows at time 0) as a function of time.
Insets above the graph represent individual traces of GPSCs evoked before and after pairing.
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2005) and by recruiting TrkB receptors to
dendritic spines (Meyer-Franke et al.,
1998) (for review, see Nagappan and Lu,
2005). Consistent with these studies, STD-
LTP of MF-GPSCs was blocked by Rp-
cAMPS and PKI 14 –22, indicating that en-
dogenous BDNF required the activity of
cAMP-dependent PKA. In the present ex-
periments, however, forskolin alone was
able to mimic the effects of BDNF, and
STD-LTP was prevented when the
postsynaptic cell was loaded with the
membrane impermeable PKA inhibitor
PKI 6 –22. This suggests that cAMP-
dependent PKA may regulate intracellular
calcium rise (Obrietan and van den Pol,
1997; Dunn et al., 2006), which in turn
would affect BDNF release from the
postsynaptic cell. The precise molecular
mechanisms regulating this cascade re-
main to be elucidated.

In conclusion, our results show that, during postnatal devel-
opment, pairing back propagating action potentials with MF-
GPSPs persistently enhances synaptic efficacy and brings CA3
principal cells to fire, thus providing a reliable way to convey
information from granule cells to the CA3 associative network at
a time when glutamatergic synapses are still poorly developed.
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